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Star®sh oocytes are arrested at the G2/M-phase border of meiosis I. Exposure to their natural mitogen, 1-methyladenine
(1-MA), leads to the activation of MPF and MAP kinase, resumption of the meiotic cell cycle, and fertilization competency.
The 1-MA receptor has not yet been identi®ed, but it is known to be linked functionally to a pertussis toxin-sensitive G-
protein. Gbg appears to be the major effector of the 1-MA receptor, since injection of Gbg, but not activated Gai , leads
to the activation of MPF, entry into meiosis, and oocyte maturation. The components that connect Gbg to MPF and MAP
kinase activation in oocytes are unknown. In mammalian cells, a novel phosphatidylinositol 3-kinase, PI-3 kinase-g, links
Gbg to the MAP kinase activation pathway. Here we show that PI-3 kinase is required for star®sh oocyte maturation.
LY294002 and wortmannin, inhibitors of PI-3 kinase, block MPF and MAP kinase activation and entry into meiosis.
Inhibition by LY294002 is reversible and limited to the hormone-dependent period. Neither inhibitor, however, blocks the
earliest hormone-induced event, formation of actin spikes at the cell membrane. By contrast, pertussis toxin blocks both
actin spiking and later events, arguing that PI-3 kinase functions downstream of Gbg. Finally, we show that unlike the
well-studied case in Xenopus oocytes, where MAP kinase is an essential component of the MPF activation pathway, MAP
kinase is not required for either MPF activation or subsequent oocyte maturation in star®sh. Instead, its major role appears
to be suppression of DNA synthesis in unfertilized, haploid eggs. q 1998 Academic Press
INTRODUCTION and results in germinal vesicle breakdown (GVBD), roughly
25±35 min after hormone addition. MAP kinase also be-
comes activated during this period. In the absence of sperm,In virtually all organisms, full-grown oocytes arrest natu-
oocytes complete both meiotic divisions to yield haploidrally at the G2/M border of meiosis I. Exposure to species-
interphase-arrested eggs. Oocytes develop the ability to re-speci®c mitogens, usually hormones, breaks this arrest by
spond to sperm around the time of GVBD; if fertilized dur-activating poorly understood signal transduction pathways
ing meiosis, eggs complete the meiotic divisions on sched-that culminate in the activation of maturation-promoting
ule and proceed directly into the embryonic mitotic cellfactor (MPF), the resumption of the meiotic cell cycles, and
cycles (Meijer and Guerrier, 1984).the capacity to respond to sperm. Collectively, this process
The 1-MA receptor has not yet been isolated but isof converting the oocyte to a fertilizable egg is termed oo-
known to be located at the cell surface (Tadenuma et al.,cyte maturation. Despite extensive investigations over the
1991, 1992; Yoshikuni et al., 1988) and is linked func-past 30 years, neither the hormone receptor nor the early
tionally to a heterotrimeric G-protein containing a Gaisignal transduction pathway activated by ligand binding has
subunit (Chiba et al., 1992, 1993; Shilling et al., 1989).been identi®ed in the oocytes of any organism.
The bg subunit complex appears to be the major effectorIn star®sh, the maturation-inducing hormone is 1-meth-
of the G-protein because injection of bg, but not acti-yladenine (1-MA ). In oocytes of the star®sh Asterina mini-
vated Gai , mimics 1-MA stimulation, causing MPF acti-ata, the species used in this work, conversion of pre-MPF
vation, GVBD, and development of the ability to respondto active MPF begins around 10 min after hormone addition
to sperm (Chiba et al., 1993; Jaffe et al., 1993). Neither
the immediate targets of Gbg nor any of the downstream
signaling molecules required for MPF or MAP kinase ac-1 To whom correspondence should be addressed. Fax: 617-432-
0555. E-mail: ruderman@warren.med.harvard.edu. tivation have been identi®ed.
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In mammalian somatic cells, phosphoinosotide-3 ki- MATERIALS AND METHODS
nase (PI-3 kinase) has recently emerged as a target of G-
protein bg subunits (Lopez-Ilasaca et al., 1997; Stephens Animal Maintenance and Gamete Collection and
et al., 1994, 1997; Tang and Downes, 1997). PI-3 kinase Culture
was initially identi®ed in association with receptor tyro-
Asterina miniata were collected off the coast of southern Califor-sine kinases (reviewed in Carpenter and Cantley, 1996).
nia (Marinus Inc., Long Beach, CA) and were shipped overnight inThe best studied form of this enzyme consists of a cata-
a cooled container. Animals were maintained at 13±177C in anlytic subunit (p110a or p110b) and an associated regula-
aerated aquarium containing circulating natural seawater.
tory subunit (p85) which contains SH2 domains that Gametes were obtained by creating a small hole in the dorsal
target the enzyme to activated, tyrosine-phosphorylated body wall and gonads were removed using ®ne forceps. Oocytes
receptors. Recent evidence indicates that Gbg binding were obtained by incubating ovaries in ice cold arti®cial Ca2/ free
can also regulate p110a (Kurosu et al., 1997). Certain G- sea water (CFSW) to dissociate the follicle cells and to inhibit their
protein-linked receptors function through a third sub- release of endogenous 1-MA. Defolliculated oocytes were separated
from ovarian fragments by ®ltration through cheesecloth. Theytype, PI-3 kinase g (Stephens et al., 1994; Stoyanov et
were settled three times through CFSW and three times in Milli-al., 1995; Tang and Downes, 1997). For example, activa-
pore-®ltered seawater (MFSW) on ice and were resuspended intion of a G-protein-coupled muscarinic receptor results
MFSW with 20 mg/ml gentamycin and maintained at 16±187C untilin dissociation of Ga from Gbg subunits; the latter bind
use (up to 36 h). Testes were dissected dry, on ice, and sperm wasand activate PI-3 kinase g. This leads to activation of
diluted 1:100 in ice cold CFSW immediately prior to use.
MAP kinase via Grb2, Shc, Sos, and Ras (Crespo et al., Oocytes were stimulated by the addition of 1 mM 1-MA (Sigma
1994; Lopez-Ilasaca et al., 1997). PI-3 kinase g consists Chemicals, St. Louis, MO) made as a 1 mM stock in water and
of a catalytic subunit (p110g) and a regulatory subunit stored at 0207C. After 100% GVBD, which was scored microscopi-
(p101) (Stephens et al., 1997; Stoyanov et al., 1995). Cata- cally as the ®rst detectable ruf¯ing or blurring of the distinct mem-
lytic activity of the enzyme is dependent on p101 binding brane which demarcates the germinal vesicle, 1-MA was washed
out of the culture, except when indicated.Gbg and is independent of tyrosine phosphorylated pro-
Eggs were fertilized by adding 1:10,000±1:20,000 dilution ofteins (Stephens et al., 1997).
sperm to maturing eggs between the time of GVBD and polar bodyIn all oocyte systems studied, MAP kinase activation
1 formation (50±80 min after 1-MA stimulation) or to postmeioticoccurs just before or during MPF activation and GVBD,
interphase eggs (180±200 min after 1-MA stimulation).and is maintained until at least after completion of the
®rst meiotic cell cycle (Fissore et al., 1996; Haccard et al.,
1990; Pelech et al., 1988; Shibuya et al., 1992; Sobajima et Pharmacological Treatments
al., 1993). In Xenopus oocytes, considerable evidence has
Unless noted, oocytes were preincubated with drugs 10 min priornow established that MAP kinase is an essential compo-
to 1-MA stimulation and control cells were treated with an equalnent of the signaling pathway that leads to MPF activa-
volume of DMSO. Each experiment was carried out at least threetion (Nebreda and Hunt, 1993; Posada et al., 1993; Sagata
times. To inhibit protein synthesis, a stock concentration of 1 mMet al., 1988; Shibuya and Ruderman, 1993; Yew et al.,
emetine (Sigma Chemicals) was added to the unstimulated oocytes
1992) and injection of constitutively active MAP kinase or to mature eggs to obtain a ®nal concentration of 100 mM. The
is suf®cient to initiate MPF activation and oocyte matu- MEK inhibitor PD98059 (Calbiochem, San Diego, CA) was solubi-
ration (Haccard et al., 1995; Huang and Ferrell, 1996; Ko- lized in DMSO at 10 mM and concentrations of 250, 100, 50, and
sako et al., 1994). In star®sh oocytes, the major MAP 20 mM were tested for their ability to block MAP kinase activation
in 1-MA-stimulated oocytes. The lowest PD98059 concentrationkinase activated in response to 1-MA is a member of the
that completely inhibited MAP kinase activation was 50 mM; 100ERK family (Sanghera et al., 1990). The role of MAP ki-
mM was used in all subsequent experiments. PI-3 kinase inhibitorsnase in MPF activation and the initiation of maturation
wortmannin (Sigma Chemicals) and LY294002 (Calbiochem) werein star®sh oocytes is not known.
stored at 0207C and thawed immediately prior to use. The drugsThe work described here was designed to investigate
were ®rst added to sea water at a 21 concentration and then anthe signaling pathway that links the 1-MA receptor to
equal volume of oocyte suspension was added to achieve the ®nal
MPF activation and oocyte maturation and to examine concentration of the drug indicated in each experiment.
the requirement for MAP kinase in these processes. We
®nd that PI-3 kinase is essential for MPF and MAP kinase
activation and for oocyte maturation, and that it acts Protein Samples and Western Blotting
downstream of the receptor-linked G protein. We also
Samples were taken essentially as described by Standart et al.show that MAP kinase is not a part of the pathway lead-
(1987). The sample sizes were determined so that the volume wasing to MPF activation. Finally, we examine the role of
large enough to minimize minor sampling errors, the sample buffer
MAP kinase in later events and ®nd, as described pre- volume would be at least 10 times the cell pellet volume and 10±
viously for a related star®sh species (Tachinbana et al., 20 oocytes could be loaded per lane. Typically, oocytes were resus-
1997), that inactivation of MAP kinase after fertilization pended at 600 cells/ml in MFSW and stirred or swirled continu-
is involved in the onset of DNA synthesis during the ®rst ously. At a given time point, 500 ml of each cell culture was ®rmly
pelleted by brief centrifugation and the excess seawater was re-mitotic cell cycle.
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moved. The cell pellet was resuspended in 100 ml of SDS±sample gene, OR) in PBST for 20 min in the dark. Cells were rinsed once
with PBS containing 10 mg/ml Hoechst, once with PBS and viewedbuffer, boiled, frozen in liquid nitrogen, and stored at 0807C. Sam-
ples were thawed at room temperature and boiled immediately on a Zeiss LSM410 confocal microscope set for detection of the
rhodamine signal (560 nm excitation, 580 nm emission) at 10% ofprior to use. Typically, 5 ml of each sample (containing approxi-
mately 15 oocytes) was run on a 12.5% polyacrylamide gel. Proteins the laser strength with two neutral density ®lters.
were blotted onto Immobilon P membrane (Millipore, Bedford,
MA), and stained with Ponceau S (Sigma Chemicals). The blots
Pertussis Toxin Injectionwere blocked overnight in TBST (50 mM Tris, pH 7.6; 150 mM
NaCl; 0.1% Tween 20) with 1% BSA and then incubated with a
Oocytes were injected using a micromanipulator (Narashige, Ja-1:1000 dilution of a polyclonal antibody raised against rat ERK1
pan) coupled to a micrometer syringe (Gilmont Instruments, Bar-(Santa Cruz Biotechnology, Santa Cruz, CA). Filters were washed
rington, IL) for pressure control. The basic structure of the injectionfor 1±3 h with TBST and incubated with a 1:2000 dilution of don-
apparatus and procedure are based on previously described modelskey anti-rabbit antibody conjugated to horseradish peroxidase (Am-
(Hiramoto, 1974; Kishimoto, 1986) with modi®cations by Dr. L.ersham, Arlington Heights, IL) followed by extensive washing (3±
Jaffe, University of Connecticut (personal communication). Pertus-16 h). The blots were developed using the chemiluminescence sys-
sis toxin (PTX; Calbiochem) was activated by addition of 50 mMtem (Amersham, Arlington Heights, IL).
DTT and incubation at 307C for 30 min. Twenty to 120 pl of 400
mM PTX, representing approximately 0.5±3% of the total oocyte
volume, was injected into unstimulated oocytes to obtain a ®nalExtracts and Histone H1 Kinase Assay
concentration of 2±12 mM. Injected cells were removed from the
Extracts were prepared essentially as described (LabbeÂ et al., injection chamber and stimulated with 1 mM 1-MA. Stimulated
1989a; LabbeÂ et al., 1989b). Brie¯y, a 200-ml aliquot of a cell suspen- cells were either ®xed after 5 min and stained with rhodamine
sion containing 20 oocytes was removed, washed with buffer A (80 phalloidin or were observed for 2±24 h and scored for GVBD as
mM Na±glycerol phosphate, 20 mM EGTA, 15 mM MgCl2, 10 described.
mM Hepes pH 7.0, 1 mM DTT, 10 mg/ml pepstatin, leupeptin,
chymostatin), divided into two 10-cell samples in 10 ml buffer A,
and frozen in liquid nitrogen. Half of each sample was assayed for RESULTS
histone H1 kinase (H1-K) activity as described (Shibuya et al., 1992)
and 20±40% of each reaction was run on a 12.5 or 20% gel and
MAP Kinase Is Not Required for GVBD, Activationexposed to ®lm. In order to test for the direct effects of PI-3 kinase
of MPF, or Meiosis Iinhibitors on H1-K activity, 5 ml of extract containing material
from 5 oocytes, was incubated with 9 mM wortmannin, 100 mM Activation of MAP kinase is a universal feature of oocyte
LY294002, or DMSO for 30 min at 167C. These extracts were then maturation. In Xenopus, MAP kinase is an essential compo-
assayed for H1-K activity as described above.
nent of the pathway leading to MPF activation and progress
through meiosis I (Haccard et al., 1995), but in mouse it is
not required for either event (Verlhac et al., 1996). DespiteBromodeoxyuridine Incorporation and Detection
extensive investigations of MPF and its regulation in star-
Cells were cultured in the presence of 5 mM bromodeoxyuridine ®sh oocytes, the role of MAP kinase in MPF activation and
(BrdU; Sigma Chemicals). The vitelline membrane was removed GVBD during meiosis I has not been investigated pre-
by gently pipetting cells for 3±5 min in MFSW containing 3%
viously. For the species used in the present work, A. mini-thioglycollic acid (pH 9.5). After two washes with MFSW, cells
ata, exposure of oocytes to 1-MA leads to activation of anwere ®xed for 1±18 h in CFSW containing 3.2% formaldehyde.
ERK family MAP kinase around 40±50 min, as indicatedFor immunodetection of BrdU, ®xative was washed out of the
by the electrophoretic shift from the unphosphorylated, in-cells and the DNA was denatured with 4 N NaOH for 2 h. Nonspe-
active form to the more slowly migrating, phosphorylatedci®c protein binding was blocked by incubating the cells with PBS
containing 0.1% Triton X-100 (PBST) and 1% BSA, followed by a and active form (Fig. 1A). The active form of MAP kinase
2-h incubation with a 1:200 dilution of a monoclonal antibody persists through meiosis and in the unfertilized mature egg;
raised against BrdU (Zymed Corp., San Francisco, CA). After three at late times, a small fraction becomes inactived (Fig. 1A).
PBST washes, the cells were incubated with a 1:250 dilution of Fertilization during meiosis I results in MAP kinase deacti-
CY3-conjugated anti-mouse sera (Jackson Immunologicals, West vation during meiosis II (Fig. 1A); fertilization of postmei-
Grove, PA) for 2 h. The secondary antibody was washed out with
otic eggs results in MAP kinase deactivation beginning al-PBS containing 10 mg/ml Hoechst 33342 (Sigma Chemicals) to stain
most immediately after fertilization (Fig. 1B). Similar re-the DNA, followed by three washes with PBS. Cells were visualized
sults have been found for other types of star®sh oocyteson a Zeiss ¯uorescence microscope equipped with a rhodamine
(Picard et al., 1996; Tachibana et al., 1997).®lter (560 nm excitation, 580 nm emission). At least 100 cells were
MPF activation kinetics slightly precede MAP kinase ac-scored for BrdU incorporation at each time point.
tivation kinetics (Fig. 2A), suggesting that MAP kinase is
unlikely to be involved in MPF activation. To test this idea
Visualization of Actin Spikes directly, we used the inhibitor PD98059 to block activity
of MEK, the kinase that directly activates ERK-like MAPCells were ®xed in 3.7% formaldehyde without vitelline mem-
kinase (Zheng and Guan, 1993). When oocytes are stimu-brane removal and washed three times with PBST. Cells were incu-
bated with 0.13 mM rhodamine phalloidin (Molecular Probes, Eu- lated by 1-MA in the presence of PD98059, MAP kinase
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FIG. 1. MAP kinase is activated in star®sh oocytes upon addition of 1-MA and is rapidly deactivated by fertilization and activation is
dependent on new protein synthesis. Cells were taken at the indicated time points, pelleted, and resuspended in sample buffer. Samples
were analyzed by SDS±PAGE followed by blotting with antibodies against the MAP kinase ERK-2. Open arrows, inactive form of MAP
kinase; closed arrows, active form of MAP kinase. PD98059 was added at a ®nal concentration of 100 mM and emetine was added at 10
mM, 10 min prior to 1-MA stimulation or to mature eggs. (A) MAP kinase is activated in response to 1-MA and deactivated after fertilization.
Gray arrows indicate the timing of GVBD, completion of meiosis I and II (m I and m II) as judged by polar body extrusion. After 1-MA
stimulation, one sample was allowed to mature completely (1-MA only), the second sample was fertilized between GVBD and meiosis I
(t  50), and the third sample was fertilized at after meiosis was complete, 180 min after 1-MA stimulation. (B) MAP kinase activation
is dependent on new protein synthesis and is inhibited by the MEK inhibitor PD98059. Oocytes were preincubated with vehicle (DMSO),
MEK inhibitor PD98059, or emetine for 10 min and then stimulated with 1-MA at t  0.
activation is completely blocked (Fig. 1B), but both GVBD DoreÂe, 1975; Houk and Epel, 1974; Picard et al., 1985) and
we con®rmed this holds for A. miniata (data not shown).and MPF activation (as judged by the rise in H1 kinase
activity) occur (Figs. 2B and 2C). Activation of MAP kinase, however, fails to occur when
protein synthesis is blocked (Fig. 1B). Thus, results obtainedPrevious work has shown that new protein synthesis is
not required for activation of MPF or for GVBD in oocytes using two mechanistically different inhibitors demonstrate
that MAP kinase is not required for GVBD, MPF activation,from other species of star®sh (DoreÂe, 1982; Guerrier and
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FIG. 2. MPF activation is independent of MAP kinase activity. (A) MPF is activated prior to MAP kinase. Oocytes were taken at 5-min
intervals after 1-MA stimulation and ¯ash frozen. One half of the thawed lysate was assayed for H1-K activity and the other half was
blotted and probed with anti-ERK1. GVBD50 occurred at 24 min in this experiment. (B) GVBD occurs in the absence of MAP kinase
activity. Oocytes were preincubated for 10 min with the indicated concentrations of the MEK inhibitor PD98059 or vehicle and then
stimulated with 1-MA. Cells were scored for GVBD, the earliest morphological change mediated by MPF. (C) MPF is activated in the
absence of MAP kinase activity. Oocytes were pretreated with 100 mM PD98059 or vehicle for 10 min prior to 1-MA stimulation and
collected just before (0 min) and 60 min after stimulation. Samples were ¯ash-frozen and assayed for H1 kinase activity as described.
or the resumption of the meiotic cell cycle in star®sh oo- (Okada et al., 1994; Vlahos et al., 1994). As shown in Fig.
cytes. They further reveal that the initial activation of MAP 3, both wortmannin and LY294002 block GVBD with an
kinase during meiosis I is absolutely dependent on the ap- IC50 of 6 and 32 mM, respectively. LY294002 is a noncova-
pearance of newly synthesized proteins. lent inhibitor of PI-3 kinase that can be washed out (Vlahos
et al., 1994). Oocytes stimulated by 1-MA in the presence
of LY294002 fail to enter GVBD; when LY294002 is washed
Inhibitors of PI-3 Kinase Block Activation of MPF, out and the cells are restimulated with 1-MA, they enter
MAP Kinase, and GVBD GVBD and complete meiosis normally (Fig. 3C). Intrigu-
ingly, the timing of GVBD in the restimulated cells isIn somatic cells, PI-3 kinase is rapidly activated by a wide
slightly accelerated, suggesting that PI-3 kinase is requiredvariety of stimuli and is required for many mitogenic
for GVBD but that at least one rate-limiting event may notevents. PI-3 kinase activity can be blocked by two mecha-
nistically different inhibitors, wortmannin and LY294002 be dependent on PI-3 kinase. Finally, the ef®cacy of GVBD
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FIG. 3. PI-3 kinase inhibitors wortmannin and LY294002 block GVBD. Oocytes were suspended at 800±1200 cells/ml and preincubated
for 10 min with DMSO, wortmannin (WM), or LY294002 (LY) at the indicated concentrations. They were then stimulated with 1 mM 1-
MA (A-C) and scored for GVBD. (A) Effect of wortmannin added before 1-MA stimulation. (B) Effect of LY294002 added before 1-MA
stimulation. (C) Inhibition of GVBD by LY294002 is reversible. Oocytes were treated as described above. Sixty minutes after 1-MA
stimulation, LY-treated cells were rinsed four times with seawater and restimulated with 1-MA at 70 min (open triangles). As a control,
cells which had been treated at 010 min with DMSO, but had not received 1-MA at 0 min were also stimulated with 1-MA at 70 min
(open circles). (D) Wortmannin ef®cacy depends on 1-MA signal strength. Oocytes were preincubated with DMSO, 1 or 0.2 mM wortmannin
and then stimulated with varying concentrations of 1-MA. At 60 min, all samples were scored for GVBD.
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show that high concentrations of wortmannin or LY294002
do not directly inhibit cdc2 kinase activity in vitro (Fig. 4B,
lanes 4±6) and therefore these inhibitors must be blocking
an upstream activator of MPF in vivo. These results argue
that PI-3 kinase is an essential component of the pathway
linking the 1-MA receptor to the activation of MPF and
MAP kinase.
The LY294002-Sensitive Period Coincides with the
Hormone-Dependent Period
To determine the window of sensitivity to inhibition of
FIG. 3ÐContinued PI-3 kinase, oocytes were stimulated with 1-MA and ali-
quots were transferred at 5-min intervals to seawater con-
taining 1-MA and LY294002. One hour after 1-MA stimula-
tion, cells were scored for GVBD (Fig. 5A). The LY294002-
sensitive period is de®ned as the time after which 50%inhibition by wortmannin is dependent on the concentra-
tion of 1-MA used for oocyte stimulation: when oocytes are of the oocytes can proceed into GVBD even in the presence
of the drug. The results (Fig. 5B) indicate that the LY294002-stimulated by 0.2 mM 1-MA instead of the usual 1 mM 1-
MA, only 1 mM wortmannin is required to block GVBD sensitive period is from 0 to 17 min after the addition of 1-
MA. In the same experiment, we determined the hormone-by 50% (Fig. 3D). This is similar to the recently described
situation in mammalian somatic cells, where the amount dependent period, which is de®ned as the period of time
oocytes must be exposed to 1-MA in order for 50% of cellsof wortmannin needed to block PI-3 kinase activation is
proportional to the number of PDGF receptors occupied to undergo GVBD (Guerrier and DoreÂe, 1975; Meijer et al.,
1984). Oocytes were stimulated at 167C with 1 mM 1-MA(Duckworth and Cantley, 1997).
Incubating oocytes with LY294002 blocks activation of and at 5-min intervals aliquots of cells were shifted into a
200-fold excess volume of seawater lacking 1-MA. One hourboth MAP kinase and MPF (Fig. 4). Control experiments
FIG. 4. The PI-3 kinase inhibitor LY294002 blocks activation of both MAP kinase and MPF. (A) LY294002 blocks MAP kinase activation.
Oocytes were preincubated for 10 min with vehicle or LY294002 and stimulated with 1-MA at time 0. Samples were taken at the indicated
times and assayed for MAP kinase activation on a Western blot. (B) LY294002 blocks MPF activation. Cell extracts were prepared from
oocytes treated with DMSO (lanes 1±2) or 100 mM LY294002 (lane 3) at 0 or 30 min after 1-MA stimulation. As a control for the speci®city
of the PI-3 kinase inhibitors, 30-min extracts from DMSO-treated cells were incubated for 10 min with LY294002 or wortmannin at
concentrations which show 100% inhibition of GVBD when added in vivo. The extracts were then assayed for H1-K activity. An autoradio-
gram of 32P-labeled histone H1 is shown.
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FIG. 5. Determination of the LY294002-sensitive period and the hormone-dependent period. (A) Experimental design. Oocytes were
stimulated with 1 mM 1-MA at t  0. Two aliquots were removed every 5 min; one was diluted 200-fold in seawater to wash out the 1-
MA and the other aliquot was placed in seawater containing 200 mM LY294002 and 1 mM 1-MA. After 60 min, all samples were scored
for GVBD. (B) The LY294002-sensitive period vs the hormone-dependent period. Percentage of cells which underwent GVBD by 60 min.
The open bars represent cells treated with LY294002 at the indicated times. Closed bars represent cells which were exposed to 1-MA for
the indicated time. Hatched bar indicates the percentage GVBD in cells stimulated continuously with 1-MA. (C) The LY294002-sensitive
period for inhibition of MAP kinase activation is the same as that for inhibition of GVBD. Protein samples were taken from untreated
cells or cells transferred to 200 mM LY294002 and 1-MA at the indicated times. MAP kinase activation was monitored on a Western blot.
after 1-MA stimulation, cells were scored for GVBD (Fig. (Fig. 5B). While the precise timing of GVBD varies among
oocytes from different animals, three separate experiments5A). The hormone-dependent period of these oocytes is from
0 to 17 min, the same as the LY294002-sensitive period con®rm that the hormone-dependent period and the
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LY294002-sensitive period coincide even though the exact densation, and fertilization envelope elevation in response
to sperm (data not shown).timing of these periods may vary from animal to animal
(not shown). Since G protein bg subunits can trigger star®sh oocyte
maturation, and PI-3 kinase has recently emerged as a directTo compare the LY294002-sensitive periods for MAP ki-
nase activation and GVBD, we repeated this experiment, effector of bg subunits (see Introduction), our results are
consistent with a model in which activation of the 1-MAtaking samples for analysis of MAP kinase activation. As
shown in Fig. 5C, activation of MAP kinase was completely receptor leads to dissociation of bg subunits, which then
activate PI-3 kinase, possibly via binding of the regulatoryblocked by LY294002 addition at 10 min, partially blocked
by addition at 15 min, and only minimally blocked by addi- subunit. The pathway leading from the G protein to forma-
tion of actin spikes is unknown.tion at 20 min. These results suggest that the LY294002-
sensitive event is completed well before the downstream
events of MPF activation, GVBD, and MAP kinase activa-
High MAP Kinase Activity after the Completion oftion occur.
Meiosis II Is Required to Suppress DNA Synthesis
in Unfertilized Eggs of A. miniata
Activation of MAP kinase is not required for either activa-Actin Spike Formation, One of the Earliest 1-MA
tion of MPF or oocyte maturation in star®sh. Once acti-Responses, Is Blocked by Pertussis Toxin but Not
vated, MAP kinase activity remains high across meiosis Iby Inhibitors of PI-3 Kinase
and, in the absence of fertilization, is maintained at this
high level in postmeiotic interphase-arrested eggs (Picard etThe earliest detectable morphological response to 1-MA
is the formation of actin spikes at the cell surface (Heil- al., 1996; Tachibana et al., 1997; and Fig. 1). In Xenopus
oocytes, new synthesis of mos (a MAP kinase kinase kinase)Chapdelaine and Otto, 1996; Schroeder and Stricker, 1983).
Spikes are ®rst seen 1±2 min after 1-MA addition and grow is required for the transition from meiosis I to meiosis II
(Kanki and Donoghue, 1991) and for inhibition of DNA syn-in length and abundance until 10 min. They begin to decline
in number after 12 min and most have disappeared by 30 thesis between meiosis I and II (Furuno et al., 1994). To ask
whether MAP kinase plays the same role in star®sh oocytemin (our unpublished observations; Schroeder and Stricker,
1983). While the function of the actin spikes is unknown, maturation, we incubated oocytes with BrdU to monitor
DNA synthesis, and stimulated them with 1-MA in thethey provide a useful marker of an early 1-MA-stimulated
event. presence of PD98059. Inhibition of MAP kinase did not
result in DNA synthesis between meiosis I and II (Fig. 7).To ask if PI-3 kinase is required for formation of actin
spikes, oocytes were incubated with DMSO (control), Previous work with two different species of star®sh exam-
ined whether the high MAP kinase activity that persistsLY294002, or wortmannin and then stimulated with 1-MA.
Cells were ®xed at 1-min intervals for the ®rst 5 min (data after meiosis II in the absence of fertilization is required for
the inhibition of DNA synthesis. In Asterina pectinifera,not shown), and then at 10, 15, and 30 min, and stained
with rhodamine phalloidin to visualize actin spikes. Un- MAP kinase is clearly required for suppression of postmei-
otic DNA synthesis (Tachibana et al., 1997). By contrast,stimulated oocytes (0 min) show no actin projection (Fig.
6). After 5 min of exposure to 1-MA, actin spikes are detect- Astropecten aranciacus eggs maintain high MAP kinase ac-
tivity after meiosis II, where, even in the absence of fertiliza-able and by 10 min long projections cover the surface of the
oocyte. By 30 min (after the onset of GVBD in this sample) tion, they replicate the maternal genome (Picard et al.,
1996). Given the disparate results in these two differentthe spikes are undetectable (Fig. 6A), in agreement with
earlier work (Heil-Chapdelaine and Otto, 1996; Schroeder genera, we examined the role of MAP kinase in A. miniata
oocytes.and Stricker, 1983). Oocytes treated with either LY294002
(Fig. 6A) or wortmannin (Fig. 6B) show kinetics and mor- First, we asked whether post-meiotic unfertilized eggs of
A. miniata remain haploid, like closely related A. pectinif-phology of actin spike formation that is indistinguishable
from the control, even though these cells do not show subse- era, or replicate the maternal DNA, like A. aranciacus. We
found that postmeiotic eggs do not undergo a round of DNAquent signs of maturation.
Previous work has shown that injecting star®sh oocytes synthesis in the absence of sperm and are thus haploid (Fig.
7, open circles); following fertilization, they incorporatewith pertussis toxin (PTX) blocks 1-MA-induced matura-
tion (Shilling et al., 1989) and this block can be overcome BrdU before entering ®rst mitosis (closed circles). In this
regard, they are like A. pectinifera. Second, we askedby injecting puri®ed Gbg (Chiba et al., 1993; Jaffe et al.,
1993). It is presumed that the PTX target is a receptor-linked whether MAP kinase activity was necessary and suf®cient
for suppressing DNA synthesis in the unfertilized egg. Oo-G protein. To determine if PTX blocks actin spiking, oo-
cytes were injected with PTX or control compounds (buffer cytes were incubated with PD98059 and BrdU, stimulated
with 1-MA, and assayed for BrdU incorporation. Followingor heat inactivated PTX), ®xed 5 min after 1-MA stimula-
tion, stained with rhodamine phalloidin, and scored for the completion of the meiotic divisions, the cells went on to
incorporate BrdU (Fig. 7, open triangles). Additionally, whennumber of cells with actin spikes. PTX injection inhibits
actin spike formation (Fig. 6B), GVBD, chromosome con- PD98059 was added to mature, unfertilized hapoid eggs, the
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FIG. 6. Actin spikes form in the presence of PI-3 kinase inhibitors but not PTX. Oocytes were preincubated for 10 min with drug or
vehicle (DMSO) before stimulation with 1-MA. Samples were ®xed at the indicated time points and stained with rhodamine phalloidin.
(A) Control or LY294002-treated cells imaged by confocal microscopy. GVBD50 occurred at 28 min in control cells. LY-treated cells did
not undergo GVBD. (B) Oocytes were preincubated with drug or injected with buffer, PTX, or heat-inactivated PTX. Cells were ®xed at
5 min after 1-MA stimulation and scored for surface actin spikes. Data are representative of three experiments.
cells went on to initiate S phase at the same time as control, sis I begin S-phase approximately 1 h after completion of
meiosis II (3±3.5 h after 1-MA addition), well in advance offertilized eggs (data not shown). Therefore, MAP kinase ap-
pears necessary and suf®cient to block the onset of S-phase the time when PD98059-treated cells incorporate BrdU
(4.5±5 h after 1-MA addition). Second, if PD98059-treatedin unfertilized eggs of A. miniata. This also agrees with
results in the closely related A. pectinefera (Tachibana et cells are fertilized during meiosis I the timing of S-phase
onset is accelerated compared to treated, unfertilized cellsal., 1997).
Two lines of evidence suggest that MAP kinase inactiva- (Fig. 7, compare squares to triangles). This indicates that
fertilization provides a second signal that is required for thetion is not the only fertilization-mediated event leading to
DNA replication. First, eggs that are fertilized during meio- appropriate timing of S-phase onset.
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FIG. 7. S-phase onset is inhibited by MAP kinase activity and stimulated by fertilization. Oocytes were preincubated with either PD98059
(PDI) or DMSO for 10 min prior to 1-MA stimulation. One aliquot of DMSO-treated cells was allowed to mature (1, open circles) and
one aliquot was fertilized 80 min after 1-MA stimulation (4, closed circles). The PDI-treated cells were also separated into two aliquots,
one unfertilized (2, open triangles) and one was fertilized (3, squares). All samples were incubated with BrdU, ®xed at the indicated times,
and processed for immunodetection of BrdU.
or oocyte maturation. This conclusion is based on the ®nd-DISCUSSION
ings that (1) the protein synthesis inhibitor emetine com-
pletely blocks MAP kinase activation but not resumptionThe work reported here establishes three main points.
of the meiotic cell cycle and (2) the MEK inhibitor PD98059First, PI-3 kinase is an essential component of the pathway
completely blocks MAP kinase activation but not MPF acti-linking the star®sh oocyte 1-MA receptor to MPF activation
vation or oocyte maturation. These results are similar toand oocyte maturation. This conclusion is based mainly on
those obtained with mouse and the marine invertebratethe ®nding that two mechanistically different inhibitors of
Chaetopterus (Verlhac et al., 1996; Eckberg, 1997). This isPI-3 kinase block these events. The inhibitory effect of
in contrast to Xenopus oocytes, where MAP kinase activa-LY294002, a reversible inhibitor of PI-3 kinase, is limited
tion is dependent on new protein synthesis (speci®cally,to the hormone-dependent period, further arguing that PI-3
newly made mos, a MAP kinase kinase kinase) (Nebredakinase is required early in the pathway. Attempts to directly
and Hunt, 1993; Posada et al., 1993; Sagata et al., 1988;measure PI-3 kinase activity in vitro revealed that the activ-
Shibuya and Ruderman, 1993; Yew et al., 1992) and MAPity rises at least two- to threefold after 1-MA stimulation.
kinase activation is both necessary and suf®cient for theHowever, since the oocyte extracts contain an activity that
subsequent activation of MPF (Haccard et al., 1995; Huangrapidly inactivates exogenously provided mammalian PI-3
and Ferrell, 1996; Kosako et al., 1994).kinase, measurements of endogenous PI-3 kinase levels are
Third, although high MAP kinase activity is maintaineddif®cult to interpret in those experiments (K.C.S., J.V.R., R.
across both meiotic divisions and in the haploid, unfertil-Meyers, L. Rameh, and L. Cantley, unpublished results). PI-
ized egg, it is not essential for most events of meiotic matu-3 kinase is also required for activating MAP kinase and
ration, since PD98059-inhibited cells go through meiosis I,other 1-MA-induced events, but not for actin spiking, the
gain the ability to respond to sperm, proceed through meio-earliest detectable response to 1-MA. In contrast, PTX inac-
sis II, and form interphase eggs. Preliminary observationstivation of the receptor-linked G protein blocks all mea-
suggest that MAP kinase may be required for a correctlysured 1-MA responses, including actin spiking. These re-
organized meiosis II spindle and accurate chromosome seg-sults are consistent with the following model (Fig. 8).
regation (Sadler and Ruderman, unpub.), a point that would1-MA binding to the cell surface receptor causes dissocia-
merit a more detailed investigation. MAP kinase is, how-tion of Ga from Gbg. This leads to formation of actin spikes
ever, clearly required for suppression of DNA synthesis inby an unknown pathway. Free bg subunits bind and activate
the haploid unfertilized egg. This conclusion is based onPI-3 kinase. PI-3 kinase leads to activation of both MPF and
the ®nding that inactivation of MAP kinase leads to theMAP kinase by parallel or branching pathways that remain
activation of DNA synthesis in the absence of fertilization.to be identi®ed.
Second, MAP kinase is not required for activation of MPF This requirement is similar to that seen in the closely re-
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FIG. 8. Model of the ®rst steps in the signaling pathway from the 1-MA receptor. In the unstimulated oocyte, Ga-GDP, b and g subunits
are bound to each other. Upon 1-MA binding, the activated receptor causes the a subunit to bind GTP and dissociate from the bg subunits.
This leads to actin spike formation at the cell surface. Free bg subunits bind and activate PI-3 kinase, which subsequently activates
downstream targets leading to MAP kinase and MPF activation and oocyte maturation.
lated species A. pectenifera (Tachibana et al., 1997). Curi- component of the pathway leading to MPF activation. Sec-
ond, the maintenance of high MAP kinase activity afterously, MAP kinase does not play this role in the more dis-
tantly related star®sh A. aranciacus (Picard et al., 1996). In MPF activation is required to inhibit DNA synthesis be-
tween meiosis I and II and to allow for transition betweenthat species, postmeiotic eggs go on to replicate that mater-
nal genome, even in the absence of fertilization; this event these two cell cycles (Furuno et al., 1994; Kanki and
Donoghue, 1991). Finally, MAP kinase is used to restrainoccurs in the presence of high MAP kinase activity.
The considerable difference in the roles played by MAP frog eggs at metaphase of meiosis II until fertilization (Hac-
card et al., 1993). By contrast, neither mouse nor Chaetopt-kinase in unfertilized eggs of these two distantly related
genera of star®sh seems puzzling, but may not be all that erus oocytes require mos synthesis or MAP kinase activa-
tion in order to activate MPF and enter the meiotic cellsurprising in view of the highly divergent roles played by
MAP kinase during maturation of oocytes in more distantly cycle (Cooledge et al., 1994; Hishimoto et al., 1994; Paules
et al., 1989; Sagata et al., 1988; Verlhac et al., 1996; Eckberg,related organisms. In frog oocytes, where this question has
been best studied, MAP kinase functions at three different 1997), but do require mos to prevent parthenogenic activa-
tion by maintaining the metaphase II arrest (Cooledge etpoints during maturation. First, MAP kinase is an essential
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Haccard, O., Sarcevic, B., Lewellyn, A., Hartley, R., Roy, L., T, I.,al., 1994; Hishimoto et al., 1994). Thus, while MAP kinase
Erikson, E., and Maller, J. L. (1993). Induction of metaphase arrestactivation is a universal feature of oocyte maturation, it
in cleaving Xenopus embryos by MAP kinase. Science 262, 1262±functions in strikingly different ways in different organ-
1265.isms.
Heil-Chapdelaine, R. A., and Otto, J. J. (1996). Characterization of
changes in F-actin during maturation of star®sh oocytes. Dev.
Biol. 177, 204±216.
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